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CONFIDENTIAL
INTRODUCTION

This document contains unedited reproductions of technical papers
on some of the most recent research results on the aerodynamics of high-
speed aircraft from the NACA Laboratories. These papers were presented
by members of the staff of the NACA Laboratories at the NACA Conference
held at the Ames Aercnautical Laboratory July 8-10, 1953. The primary
purpose of this conference was to convey to contractors of the military
services and others concerned with the design of aircraft these recent

research results and to provide those attending an opportunity to dis-
cuss the results.

A list of the conferees is included.
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CHAIRMAN 'S REMARKS

Nearly a year ago in an experimental investigation of wing-body
interference at transonic speeds Richard T. Whitcomb showed that for
zero lift a wing-body combination had the same drag rise as a body of
revolution having the same axial distribution of cross-sectional area
as the wing-body combination. This, in fact, constituted the experi-
mental proof of what we call the area rule. Once the area rule had
been clearly stated and proven experimentally it occurred to many that
the essence of this idea may have existed in the body of linear theory.
This, in fact, has proved to be the case but these parts of the theory
and their significance had been overlooked by everyone.

Since the first work establishing the area rule for the transonic
range, a very considerable study of the problem has been made to attain:
first, maximum benefit from its application; second, establishment of
its limitations; and third, extension from the transonic to the super-
sonic range. As of the date of this conference there has been insuffi-

cient time to accumulate the necessary information to answer every
question that might be raised.

The first four papers, however, are presented to review, to extend,

and to summarize the area-rule question theoretically, experimentally,
and in applications.
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THE ZERO-LIFT DRAG CHARACTERISTICS OF WING-BODY
COMBINATIONS AT TRANSONIC AND
MODERATE SUPERSONIC SPEEDS

By Richard T. Whitcomb

Langley Aeronautical Laboratory

This paper is concerned primarily with the application of the
"area rule" to the interpretation and improvement of the drag-rise char-

acteristics of wing-body combinations at transonic and moderate super-
sonic speeds.

Consideration of the general physical nature of the flow at tran-
sonic speeds, together with comparisons of the flow fields and drag-rise
characteristices for wing-body combinations and bodies of revolution has
led to the conclusion that near the speed of sound the drag rise for a
thin low-aspect-ratio wing—body combination is primarily dependent on
the axial distribution of cross-sectional area normal to the airstream
(ref'l). (The drag rise, sometimes referred to as pressure drag, is
the difference between the drag level near the speed of sound and the
drag level at subsonic speeds where the drag is due primarily to skin
friction.) In order to illustrate the concept, figure 1 shows a wing-
body combination and a body of revolution. A typical cross-section
normal to the airstream for the wing-body combination is shown at AA.
The cross-sectional area of the wing is wrapped around the body of
revolution so that the body has the same cross-sectional area at BB.
A1l the other cross-sectional areas of the body of revolution are the
same as those for the wing-body combination at the same axial stations.
On the basis of the conclusion just stated, the drag rise for this body
of revolution should be similar to that for the wing-body combination.

This relationship of the drag-rise increments for the wing-body com-
bination and the comparable body of revolution is due primarily to the gen-
eral similarities of the major portions of the extensive flow fields of the
configurations. These similarities are illustrated in figures 2 and 3
which present schlieren photographs of the flow fields for unswept- and
sweptback~-wing—body combinations, together with those for equivalent
bodies of revolution. The combinations have been rolled to three positions
so that side, plan, and intermediamte views are seen. Near the edges of the
pictures, the observed shocks for the combinations in each view are gen-
erally similar to those for the equivalent bodies. These comparisons
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are indicative of the similarities of the extensive fields beyond the
view of the schlieren. Near the configurations there are differences

of the flow fields for the wing-body combinations and equivalent bodies
of revolution. However, the major portion of the energy losses associ-
ated with the shocks is produced in the extensive regions at appreciable
distance from the configuration. Therefore, from a drag standpoint, it
may be assumed that these differences near the configuration are of
secondary importance. The general similarities of the extensive flow
fields at distances from the configuration may be attributed to several
aerodynamic phenomena characteristics of flow near the speed of sound.
First, the field of any given displacement is concentrated in a plane
nearly normal to the airstream. Because of this fact, the streamwise
locations of the effects of the displacements of the wing are essentially
the same as those for the corresponding effects produced by the compar-
able body of revolution. Secondly, at these considerable latersl dis-
tances from the configuration, the field is primarily dependent on the
general displacement of the configuration rather than on the details of
the shape. The generally close similarities of the effective fields for
the wing-body combination and the comparable body of revolution in the
regions producing the main portion of the shock losses suggests that

the energy losses associated with the shocks for the two configurations
should be similar. Since the drag rise for thin low-aspect-ratio wings
is due primarily to shock losses, the drag rise for the combination
should be approximately the same as that for the equivalent body of
revolution.

In figure 4, the measured drag-rise increments for various swept-,
delta-, and unswept-wing—body combinations and complete airplanes at
a Mach number of 1.03 are compared with the increments for equivalent
bodies of revolution. The aspect ratios of the wings are 4 or less
and the thickness ratios are T percent or less. Except for one con-
figuration, there is a general qualitative agreement between these drag-
rise increments. Deviations from exact agreement are due to second-order
effects, such as differences of the flow fields as shown in figures 2
and 3. The single case of marked disagreement is for a swept-wing air-
plene configuration. This disagreement cannot be fully explained at
present. As would be expected, the correlation between the drag-rise
increments of the wing-body combinations and the equivalent body of
revolution generally becomes less close as the Mach number is increased
beyond 1.0. The severity of this divergence veries markedly depending
on the configuration.

It would be expected on the basis of this concept that, near the
speed of sound, the minimum drag rise would be obtained by designing a
wing-body combination with an area distribution similar to that for a
smooth body of revolution with the highest possible fineness ratio. The
fineness ratio that should be used is probably considersbly less than
that required for minimum total drag because of such problems as airplane
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stability and structural weight. One method ‘of®cbtafnihg *this favorable
area distribution is to reshape the body. A number of experiments have
been made to determine the effectiveness of such reshaping. Represen-
tative results, obtained in the Langley 8-foot transonic tunnel, are
presented in figure 5.

On the left-hand side of this figure are shown the effects of such
a body modification on the zero-1lift drag-rise characteristics of a
6-percent-thick, aspect-ratio-4, 45° swept-wing—body combination. The
s0lid line shows the variation of drag for the wing in combination with
a body of revolution of fineness ratio of 11. The wing is placed on
the body in such a menner that the leading edge of the wing is at the
maximum diameter of the body. With this arrangement, the indentation
used did not change the maximum cross-sectional area of the body. The
dashed lines are the results obtained for the wing in combination with
a body of revolution indented circularly to obtain the same area dis-
tribution as for the original body alone. For comparison, the results
for the body alone are also shown. Indentation eliminated approximately
90 percent of the drag rise associated with the wing at Mach numbers from
1.00 to 1.05. When the Mach number is increased beyond 1.05, the drag”~
rise for the indented wing-body combination approaches that for the
original wing-body combination.

On the right-hand side of figure 5 are presented the effects of
body indentation on the zero-1ift drag-rise characteristics for a
4-percent-thick, 60° delta-wing—body combination. The solid curve
shows the drag characteristics for the wing in combination with a body
of revolution having a fineness ratio of 7.5. The dashed line indicates
the drag variation after the body has been indented circularly to pro-
duce an area distribution for the combination the same as that for the
original body alone. In this case the indentation reduced the maximum
cross-sectional area of the body somewhat. It may be noted that again
a significant reduction in the drag rise was obtained by such an inden-
tation at transonic speeds. However, in this case, the drag rise for
the indented wing-body combination is significantly greater than that
for the body alone. This deviation from the result which might be
expected on the basis of the area-distribution concept is probably due
to the fact that the body required to obtain the smooth area distribution
of the combination had a rather sbrupt change in shape near the trailing
edge of the wing. This shape probably led to severe local velocity gra-
dients. Since the proper functioning of the body fields in offsetting
the drag of the wing depends to a great extent on the velocity gradients
being small, it might be expected that these severe gradients would lead
to an incomplete reduction in drag. Also, near the speed of sound, a
shock was present over this corner and may have caused some separation
at this point, which would not be expected on the original body alone.
It is probable that a further reduction in drag could have been obtained

‘-
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at transonicespesds by smotthitg®the Yontout® bf*the body slightly.

Similar reductions in drag near the speed of sound have been obtained
by body indentation for other delta and unswept wings.

Results obtained with smooth-surfaced configurations have indicated
a marked reduction in drag at subsonic speeds assoclated with the use of
indentation with swept and delta wings. However, with fixed transition
this difference is not present. The influence of surface conditions on
the effects of indentation apparently decreases with increase in the
Mach number to supersonic speeds. The effect of body indentation on
the drag characteristics at 1ifting conditions is discussed in the paper
by Edward C. Polhamus. Obviously, the volume of the indented wing-body
combinstion is not as great as that for the original wing-body combina-
tion. However, increasing the size of the body to recover the volume
lost in indentation would increase the drag for the indented combination
by a small fraction of this reduction in drag obtained.

The question now might arise as to whether it would be possible to
obtain drag reductions at transonic speeds by adding to an existing wing-
body combination to obtain a more favorable area distribution. Recently,
investigations have been made of such additions on a 60° delta-wing air-
plane. Results are presented in figure 6. First, the fuselage was
extended approximately 8 percent to obtain a more favorable area dis-
tribution of the rearward portion of the airplane. This addition resulted
in significant reductions in the drag rise. Further reduction was obtained
by adding side falrings to the extended configuration to fill the dip in
the area distribution as shown. The body lines with these additions were
still relatively smooth. Additions which lead to severely irregular body
lines would not be recommended.

The effects of the changes in body shape on the total drag coeffi-
cients at Mach numbers up to 2.0 are shown in figure 7. The configurations
are the same as those shown in figure 5. The results for Mach number
above 1.15 were obtained in the Langley 4- by k-foot supersonic pressure
tunnel. For the swept-wing——body combination, body indentation had little
effect on the drag at Mach numbers from 1.4 to 2.0. For the delta-wing—
body combination, body indentation reduced the drag at all Mach numbers
up to 2.0 but by a progressively smaller amount. The fact that reduc-
tions were obtained at these supersonic speeds indicates that to a certain
extent the factors affecting drag at moderate supersonic speeds may be
similar to those for transonic speeds for low-aspect-ratio thin wings such
as this one. However, since the waves are conical rather than plane in
nature when the Mach number is incressed to supersonic values, it would be
expected that the use of the transonic concept would not give the maximum
reductions in drag possible at supersonic speeds.

Considering the conical nature of the flow at moderate supersonic
speeds, a method has been developed which interrelates the wave drag of
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wing-body combinations at these’ speeds®with 8xi%l® dift¥ibhffions of cross-
sectional area. With this method a number of area distributions are used
to determine the drag at a given supersonic Mach number. These distri-
butions are obtained by cutting the configuration with planes inclined
to the airstream at the Mach angle. This method is basically the same

as one developed by Jones considering the linear theory of Hayes. A
description of the method, together with a discussion of its applica-
tions, is presented in the next paper by Robert T. Jones. However, some
preliminary results obtained at Langley are presented in figure 8 which
show how the drag may be reduced at supersonic speeds by reshaping the
fuselage on the basis of this method. The results are for a delta-
wing—body combination. The first three configurations shown are the
same as those shown in figure 7. The body of the fourth configuration
‘was indented circularly so that the various area distributions deter-
mined by this supersonic method for a Mach number of 1.4 were relatively
smooth. It may be seen that this indentation reduced the total drag
coefficients at supersonic speeds by significantly greater amounts than
did the indentation designed for a Mach number of 1.0 (dashed line).

At a Mach number of 1.4, the further reduction is roughly half the
remaining pressure drag of the wing.

In conclusion, the results presented have shown that, near the speed
of sound, the drag rise for a low-aspect-ratio thin wing—body configura-
tion is generally a function of the axial distribution of cross-sectional
area normal to the airstream. By using this relationship, it is possible
to reduce greatly the drag rise of the conventional wing-body combinations
by redesigning the fuselage to produce a smooth axial distribution of area
for the combination. The resulting reshaped fuselage of the combination
should not have abrupt changes in contour. Of course, to obtain the
lowest possible drag coefficients, the fineness ratio of the equivalent
body should be sufficiently high.

REFERENCE
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WING-BODY COMBINATION AND EQUIVALENT BODY OF REVOLUTION
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TRANSONIC FLOW PAST BODY WITH STRAIGHT WING

EQUIV. BODY
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EFFECT OF BODY INDENTATION ON TRANSONIC DRAG RISE

EFFECT OF ADDITIONS TO BODY
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Figure 7
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THEORY OF'WINE-BOISY DRAG’ &I SUPE’RSONIC SPREpS**
By Robert T. Jones

Ames Aeronautical Laboratory

At subsonic speeds the pressure drag arising from the thickness of
the body or wings is negligible as long as the shapes are sufficiently
well streamlined to avoid flow separation. In that range there exists
no possibility of either favorable or adverse interference on the pres-
sure distributions themselves. If one body is so placed as to receive
a drag from the pressure field of another, then the second body is sure
to receive a corresponding increment of thrust from the first.

At superscnic speeds this tolerance, which was permitted the
designer, disappears, and the drag becomes sensitive to the shape and
arrangement of the bodies. The primary factor certainly is the thick-
ness ratio; nevertheless, there exist arrangements in which a large
cancellation of drag occurs. Examples of the latter are the sweptback
wing and the Busemann biplane.

In the preceding paper Richard T. Whitcomb has shown how the drag
at transonic speeds may be reduced to a surprising extent by simply
cutting out a portion of the fuselage to compensate for the area blocked
by the wing. The purpose of the present paper is to discuss some of the
theoretical aspects of this method of drag reduction and to show how the
basic idea may be extended to higher speeds in the supersonic range.

The deduction by Richard T. Whitcomb of the "area rule" was based
on considerations of stream-tube area and the phenomenon of “choking,"
wvhich follow from one-dimensional-flow theory. BEach individual stream
tube of a three-dimensional flow field must obey the laws of one-
dimensional flow. Although the three-dimensional field cannot actually
be determined on this basis alone, nevertheless it provides a good
starting point for our thinking. The results demonstrate again the
effectiveness of basic and simple considerations.

Although one-dimensional-flow theory thus provides a clue to the
area rule, the necessary principle appears more specifically in the
three-dimensional-flow theory. Thus, the formulas for wave drag given
by linear theory, if followed toward the limit as M approaches 1.0
(from above), show that the wave drag of a system of wings and bodies
depends solely on the longitudinal area distribution of the system as a
whole. This phenomenon was first noted by W. D. Hayes in his 1946 thesis
(ref. 1). For a more complete derivation of Hayes' formula the reader
may consult reference 2. However, because of the limitations of the
theory at transonic speeds, this result was not thought to be of
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(ref. 4) and others, restricting themselves to very narrow shapes,

expressed the wave drag in terms of the longitudinal area distribution N
for Mach numbers above 1.0, where the linear theory has a better
Justification.

It should be noted, however, that both of the problems cited are
limiting cases’ of the more general problem of supersonic drag and it
should be borne in mind that only in certain cases has it been possible
to reduce the general theoretical formulas to the form of an area rule.
It can be shown that the flow field about any system of bodies may be
created by a certain distribution of sources and sinks over the surfaces
of the bodies. Hayes' formula relates the drag of such a system to the
distribution of these singularities. 1In order to obtain a formula for
the wave drag in terms of area distributions, a simplified relation
between the source strength and the geometry of the bodies, namely, that
the source strength is proportional to the normal component of the stream
velocity at the body surface, has been adopted.

There are examples (e.g., Busemann biplanes) for which this assump-
tion is not wvalid. If, on the other hand, we limit ourselves to thin
symmetrical wings mounted on vertically symmetrical fuselages, there
are indications that a good estimate of the wave drag at supersonic
speeds can be obtained on the basis of the simplified relation assumed.

If Hayes' method of ¢alculation is followed, at M = 1.0 the
express1on for the wave drag of a system of wings and bodies reduces to
Von Kérmén's well-known formula for the wave drag of a slender body of
revolution, that 1is,

pv2 t/2 -
PM—>1.0) ° fz/e fl/e §"(x)8" (x1)log|x - x| ax axy

Here S(x) represents the total cross-sectional area intercepted by a
plane perpendicular to the stream at the station x (see fig. 1) and
S"(x) 1is the second derivative of S with respect to x. If Sears
method (ref. 5) is followed, S'(x) may be expanded in a Fourier's
series and, in this way, a formula for the drag which is completely anal-
ogous (ref 6) to the well-known formula for the induced drag of a wing
in terms of its spanwise load distribution may be obtained. Thus, if

cos O

N e~
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and

S'(x) = EE::An sin no

(see fig. 2), the wave resistance is

xpvz 2
D = 8 E nA,

Of all the terms of the series, each contributes to the drag but only
Ay and Ap contribute to the volume or the base area of the system.
Thus, in order to achieve a small drag with a given base area or with a
given over-all volume within the given length, the higher harmonics in
the curve S'(x) should be suppressed. This formula enables us to
classify a given shape as "rough" or "smooth" in a quantitative fashion.

In order to extend these considerations to supersonic speeds a
series of cross sections of the system made, not by planes perpendicular
to the stream but by planes inclined at the Mach angle or "Mach planes"
must be considered. By means of a set of parallel Mach planes (£ig. 3),
an "equivalent body of revolution” using the intercepted areas was con-
structed and the drag was computed by Von Kirmén's formula. The theo-
retical basis of this step is the fact that the complete three-
dimensional disturbance field may be constructed by the superposition of
elementary one-dimensional disturbances in the form of plane waves.

(See ref. 7.) It is evident that the set of parallel Mach planes may be
placed at various angles around the x-axis (fig. 3). When the flow field
is constructed, it is necessary to superimpose disturbances at all these
angles and, when the drag is completed, to consider the drag of all the
equivalent bodies of revolution. The final value of the drag is simply
the average of the values obtained through a complete rotation of the
Mach planes.

In order to make these statements more specific, the equation of
one such Mach plane may be written as follows:

X=x-y"cos ¥ - 2' sin v

where y' = VME -ly and 2z' = VMz - 1 z. By assigning different

values to X while keeping vy constant, a series of parallel planes at

the same angle ¥ around the x-axis is obtained. By assigning different
values to V¥ while keeping X constant, a set of planes enveloping that
Mach cone whose apex lies at the point X = x can be obtained.
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After a valie of \r ié’séiéétéd:.%ﬁg wiﬁé-ﬁsdy system is cut
through with a series of planes corresponding to different values of X.
The total intercepted area in each plane is then equated to the area
intercepted by this plane passing through the equivalent body of revolu-
tion. If we denote the area intercepted obliquely by s(X,V¥), then the
area S(X,y) is defined by: '

s(X,y) = s(X,¥) sin p

where p 1is the Mach angle (i.e., sin p = i . The term S(X,y) is

thus the area intercepted by normal planes passing through the equivalent
body of revolution on the assumption that this body is slender.
Therefore,

s'(X,y) = g% s(X,v¥) = E A, sin né

with

X
Xo

Here, however, both the length 2X, and the shape of the equivalent
body vary with the angle V. The drag of each equivalent body of revolu-
tion, which is denoted by D'(V¥), is then determined by applying Sears'
formula:

cos 0 =

2
D' (v) =ngV E nAna

The total drag of the wing-body system is the average of all these values
between ¥ =0 and V¥ = 2x; that is,

1f2"
— 1
D—E[— o D' (y)ay

In general, the coefficients An are functions of the angle of
projection V. However, the calculation shows that the first two
coefficients Aj; and Ao are again related in a simple way to the
base area and the volume V. Thus,
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None of the higher coefficients contribute to the base area or volume,
but they invariably contribute to the drag.

The rules for obtaining a low wave drag now reduce to the rule that
each of the equivalent bodies obtained by the oblique projections should
be as smooth and slender as possible, the "smoothness" again being
associa?e? with an absence of higher harmonics in the series expression
for S'(X).

In order to check the agreement between these theoretical formulas
for the wave drag and experimental values, comparisons of the calcula-
tions with the results of tests made on falling models at Ames
Aeronautical Laboratory have been made. This comparison was made by
George H. Holdaway who supplied the accompanying illustration (fig. 4).
In some of these cases it was found necessary to retain more than
20 terms of the Fourier's series in order to obtain a convergent expres-
sion for the drag.

If the variety of the shapes represented here are considered, the
agreement is certainly as good as can be expected from the linear simpli-
fications. The agreement is naturally better in those interesting cases
in which the drag is small.

Figure 5 shows an analysis of one of the experiments of Richard T.
Whitcomb. The linear theory, of course, shows the transonic drag rise
simply as a step at M = 1.0. Such a variation may be expected to be
approached more closely as the thickness vanishes. 1In order to represent
actual values here, a nonlinear theory would be needed. For many pur-
poses, it will be sufficient to estimate roughly the width of the
transonic zone by considerations such as those given in reference 8. 1In
the present case it will be noted that agreement with the linear theory
is reached at Mach numbers above about 1.06 and the linear theory clearly
shows the effect of the modification.

For further theoretical studies of wing-body drag, shapes have been
selected that are especially simple analytically, namely, the Sears-Haack
body and the biconvex wing of elliptic plan form. Figure 6 shows the
effect of wing proportions on the variation of wave drag with Mach num-
ber, both with and without the Whitcomb modification. In each case, the
modification has the effect of reducing the wave drag to that of the body
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Tn *the’ case of the lowzaépéét-ratio wing, this drag

alone at M=*".0

reduction remains effective over a considerable range of higher Mach num-

bers. With the higher aspect ratio, however, the drag increases sharply
at higher speeds so that, at M = 1.6, the modification nearly doubles
the wave drag.

The rapid increase of drag in the case of the high-aspect-ratio
wing is, of course, the result of the relatively abrupt curvatures
introduced into the fuselage lines by the cutout. Such abrupt cutouts
are necessarily associated with wings having small fore-and-aft dimen-
sions, that is, unswept wings of high aspect ratio.

These considerations led us to the problem of determining a fuselage

shape for such wings that is better adapted to the higher Mach numbers.
The first step in this direction is obviously simply to lengthen the
region of the cutout; thus, the rapid increase of drag with Mach number
is avoided. The problem of actually determining the best shape for the
fuselage cutout at any specified Mach number has been undertaken by
Harvard Lomax and Max. A. Heaslet at Ames Laboratory. Their solution
of this problem provides a definite method for determining the distri-
bution of sources and sinks along the fuselage axis that will achieve a
minimum value of the drag for a gilven wing shape at any specified Mach
number. Furthermore, by admitting singularities of higher order,
quadrupoles, and so forth, which would distort the rotational symmetry
of the fuselage, they have been able to show that the wave drag of a
wing-body system can be reduced, in principle at least, to & minimum
value associated with the given over-all length and volume of the system,
that is, to the value for a simple Sears-Haack body containing the whole
volume of the system.

By adopting the simplified relation between the source strength and

the body shape, the result of this theory may be described by a relatively

simple concept, which is illustrated by figure 7. If modifications of
the first type only are considered, the problem is to determine the area
ASe to be removed from the fuselage to make the best compensation for a
given wing. (See fig. 7.) If a station along the fuselage axis and a
Mach plane passing through this station are selected, this plane can be
revolved around the axis, and at each angle V¥ the normal projection,
or frontal projection, of the area intercepted where the plane cuts
through the wing can be measured. After these areas are plotted against
¥ and integrated between O and 2rx, the term -ASp 1is obtained as the
average of the values of Sy. At any Mach number the total volume to be
subtracted from the fuselage is equal to the wing volume. At higher
Mach numbers, since the modification extends over a greater length, the
area subtracted at individual cross sections becomes less.

Figure 8 shows the calculated result of designing the fuselage cut-
out for a specific Mach number, M = 1.2 in this case. The lower curve
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is an envelope showing the mihimim*Va1ucs *that’ cdn®ve BMile¥®d by such
a radially symmetric cutout.

Figure 9 shows the magnitude of the gains that are possible by
higher-order modifications of the fuselage shape. There are three
lower bounds here and the symbols agp, ap, . . . attached to them
refer to a representation of the fuselage shape by singularities of
increasingly higher order. The curve labeled ap is that given in
figure 8 and shows the maximum effect of radially symmetric modifica-
tions. Although the fuselage shapes for the other curves have not
actually been determined, the curve labeled ay + ap may be thought of
as referring to a cutout with an additional elliptic modification. It
will be interesting to pursue this investigation further and ascertain
Just how the fuselage must be distorted to cancel the wave drag of the
wing completely, as indicated by the lowest envelope curve. Of course,
it will be necessary to start with a certain minimum dismeter in order
to preserve a real shape.

In order to test this theory of determining optimum body shapes we
have started a program, using models similar to those investigated theo-
retically. ©Several of these models have already been tested in the Ames
2- by 2-foot wind tunnel and the results agree fairly well with calcula-
tions made on the assumptions given earlier. Figures 10 and 11 show the
theoretical and the experimental curves. The aspect ratio of the wing
in these preliminary cases is not sufficiently high (A = 2) to enable
really striking gains to be shown. However, it is evident that the cal-
culated differences are all reproduced in the experimental values. The
experimental series include models having higher aspect ratios and more
significant gains are expected to appear.

There are, of course, examples of wing-body systems which would
hardly benefit by any change in shape of the fuselage. It is easy to
decide whether a gain is possible or worthwhile by comparing the actual
wave drag of the system with that of a Sears-Haack body containing the
over-all volume of the system. In the case of a 63° wing-body combina-
tion (ref. 9), this comparison yields 0.0045 as a lower bound for the
wave drag coefficient and 0.005 for the actual value. In such cases,
for which the wave drag is initially very low, further reduction by
reshaping the fuselage is not worthwhile. Appreciable savings in drag,
however, can be made in many cases by a calculated shaping of the fuse-
lage. Unswept wings of high aspect ratio are benefited most and require
the most careful consideration of the fuselage shape.

These new developments illustrate again the fact that the disturbance
fields at transonic and supersonic speeds are essentially three-
dimensional phenomena. It was not long ago that our ideas concerning the
wing section, which had their origin in the older incompressible flow
theory, had to be relinguished because of the predominating effects of

wing plan form. Now the win%fan@,t%;_fuselage must be designed together.
Re - e M =, ,éa )
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DRAG OF EXTERNAL STORES AND NACELLES AT TRANSONIC
AND SUPERSONIC SPEEDS
By Norman F. Smith, Relph P. Bielat, and Lawrence D. Guy

Langley Aeronautical Laboratory
INTRODUCTION

The problem of designing nacelles and stores is one of providing the
desired volume in an acceptable shape or position at the lowest possible
cost in airplane performance. There is considerable evidence that such
volume can often be more efficiently carried within the basic wing-body
combination, especially at supersonic flight speeds. Discussion of sub-
merged or integral arrangements, however, involves complex design studies
which are beyond the scope of this paper. This paper deals entirely with
external stores and nacelles, primarily wing-mounted on airplane-type
configurations. The status of the problem is reviewed and the research
which has been done on the subject examined in the light of recent devel-
opments.

DISCUSSION

Figure 1 shows a plot of drag coefficient based upon individual
frontal area against Mach number. The shaded areas show the Mach numbers
and drag-coefficient values corresponding to nacelles and stores which
have been investigated to date. All of these data have been published.

A list of the ones which are used in detail in this paper is given in the
references. The values of drag coefficient which have been obtained in
the transonic range vary from above 0.8 to near zero. At the three higher
supersonic Mach numbers, the values vary from nearly 0.8 to around 0.23.
The lower shaded band shows the range of drag values covered by isolated-
body drags for satisfactory supersonic bodies of fineness ratio 6 to 9,
approximately (refs. 1, 2, and others). This figure shows that zero
interference and even greatly beneficial interference have been obtained
on configurations in the transonic range up to M = 1.2 (refs. 3 to 5,
for example). Apparently, however, no beneficial interference has yet
been encountered with airplane-type configurations at the three higher
supersonic Mach numbers shown, and only in a few cases has interference near
zero been attained. It should be noted here that nacelle drags near zero
have in some cases been obtained for large ram-jet nacelles mounted on
missile configurations (ref. 6). This large favorable interference was
obtained in extreme aft positions wherein half the nacelle length
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extended beyond the fuselage base, positions very different from those
used for airplane nacelles. (Further evidence of large favorable inter-
ference for nacelles in this region has been found in the theoretical
work of ref. 7.)

The store and nacelle data which make up these shaded areas in
figure 1 have been examined in detail to determine some of the factors
which govern the drag of these installations.

Transonic Speeds

The drag level for nacelles or stores at subsonic Mach numbers is
important, of course, as 1s the Mach number at which drag rise begins.

The principles governing these items are relatively well known and are
not discussed herein.

In the transonic region, the type of flow which follows the onset
of shocks - with shock interactions and interference, local choking, sep-
aration, and so forth - is very complex. The interference problem is
therefore a very difficult one for theoretical treatment. Also, the
nature of the flow plus the large number of configuration variables
involved makes experimental investigation difficult in that results tend
to be rather specific in nature. It is therefore of interest to apply a
simplifying principle, when one is avallable, such as the transonic area
rule discussed in a previous paper by Richard T. Whitcomb. Consequently,
the bulk of the transonic data which have been obtained on stores and
nacelles, most of which have been published and analyzed with respect to

spanwise and chordwise position, has been re-examined in the light of
the area rule.

Figure 2 shows the transonic drag-rise data for the series of span-
wise symmetrically mounted nacelles tested in flight by the Langley Pilot-
less Alrcraft Research Division on a 45° swept wing of aspect ratio 6,
t/c = 0.09 (ref. 5). On the right-hand side of the figure is a sketch
which shows the location of the nacelle and a diagram of the cross-
sectional area variation of each configuration. In this figure and in
figures 3 and 4, the data are plotted as drag increments above the level
for M = 0.8 1n order to eliminate the skin-friction drag. Figure 2
shows that the highest drag rise is obtained with the nacelle position
glving the highest peak on the area diagram and the highest slopes for-
ward and aft. The lowest drag 1s obtained with the nacelle position
which affects the wing-body area diagrem least. In looking at the
transonic drag rises in terms of spanwise variation of nacelle position,
it is noted that the drag is least at the tip, rises to a peak value
at O.hb/2, and decreases again as the nacelle is moved still farther
inward to 0.18b/2. This phenomenon had thus far gone unexplained. The
area rule provides, in this case and others to be mentioned subsequently,
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a simple explanation. It will be noted that the differences between the
drag curves are small. This is a result of the fact that these nacelles
are small, corresponding roughly to single-engine units.

LR}

Figures 3 and 4 show similar results obtained from wind-tunnel tests
conducted in the Langley 8-foot transonic tunnel and 4- by 4-foot super-
sonic pressure tunnel (refs. 8 to 10 and some unpublished data) of a
sting-mounted configuration involving a series of nacelles of twin-engine
size on a swept wing of aspect ratio 3.5 with 47° sweep and a thickness
ratio of 6 percent. The serles shown in figure 3 is a family of pylon-
mounted nacelles which involves a forward and downward movement at one
spanwise station, and the series in figure 4 consists of different types
of nacelles. Again correlation with the area diagram is clear, with the
top configurations having the least favorable area diagrams and the high-
est transonic drag rises.

The equivalent stream-tube area corresponding to the internal flow
has been subtracted from the areas shown in figure 4. Note the particu-
larly low drag rise for the installation buried in the wing root with
provisions for air intake at the leading edge. This installation is
actually more a submerged installation than an external one but is shown
here because of 1ts excellent drag characteristics and because it was a
part of the test series. Plots of drag-rise data for the configurations
shown in these two figures at 1ift coefficients up to 0.5 have been made
. and show that the curves maintain the same relationship to each other as

do the curves shown here for Cp = O.

Examingtion of the nacelle and store information from the Langley
Pilotless Aircraft Research Division, 7- by 10-foot tunnels, and 8-foot
transonic tunnel shows area-diagram correlations consistent with those
shown in these three examples.

The dashed lines in figures 3 and 4 connect the limited number of
supersonic points which are available for some of these configurations.
The supersonic points in figure 3 show that the high drag levels obtained
transonically do not necessarily persist into the supersonic speed range.
The indication is thus that the requirements for low wave drag in the
transonic range may be different from those in the supersonic speed range.
The supersonic range will be treated in more detail subsequently.

Because interpretation of area diagrams tends to become somewhat
indefinite in some cases, a very simple parameter concerning the area
diagram has been devised. In figure 5 the data from the series of d4if-
ferent nacelles and the series of pylon-mounted nacelles, most of which

had were shown in figures 3 and 4, have been plotted as incremental drag
coefficients against x/1, where x is the distance from the area peak
of the wing-fuselage combination to the area peak of the complete-model
configuration, the areas having been obtained by sectioning the models
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in planes perpendicular to the longitudinal axis. Data for M = 1.0 are
shown at the left; data for M = 1.1, at the right. The M = 1.1 condi-
tion corresponds to the completion of the drag rise, while at M = 1.0 the
drag values are still rising rapidly. The correlation at both Mach numbers
is very good. A number of different nacelle configurations and different
types of area diagrams are involved, as will be remembered from figures 3
and 4. The correlation shows that the highest drags are obtalned when

the area peaks coincide, with the drag decreasing rapidly as the area

peaks are displaced. Note that the parameter used does not show effects

of area coincidence alone. As the peaks are moved, slope changes forward
and aft also occur. This parameter is therefore only one small step
removed from visual interpretation of the area diagram.

Thus, by reanalysis of a large amount of nacelle and store data, it
was found that correlation with the area rule is found for many types of
nacelles or stores in positions from wing root to wing tip, and that
explanation of phenomena not heretofore explained is afforded. Because
the configurations considered were all designed without regard for the
area rule, 1t is very difficult to extract quantitative data from this
work. Changes in area-dlagram characteristics from one configuration to
another involve random simultaneous changes in peak height, local slopes,

and over-all shapes. Controlled experiments are needed to provide valid
quantitative data.

Proof of the importance of the area rule is strengthened by demon-
stration of its use in the design of configurations complete with
nacelles. TFigures 6 and 7 show unpublished results for two delta-wing
configurations from wind-tunnel and flight tests by the Pilotless Aircraft
Research Division. The configuration shown in the left side of figure 6
has an area diagram which shows a very high peak and high slopes forward
and aft, due largely to the nacelles. The drag for this configuration is
very high, as is the drag (plus interference) for the nacelles, obtained
by subtraction. Data obtained in the Langley 16-foot transonic tunnel for
the same configuration, but with air flow through the nacelles, show some-
what lower drag. The area diagram for this case, which 1s reduced by
allowance for the equivalent stream-tube area through the nacelles, is
shown by the long dashed lines.

A sketch of a second version of this configuration is shown in the
right side of this figure. The wing Was enlarged and thinned somewhat
and the nacelles were split into forward and aft pairs. The fuselage was
lengthened and was undercut slightly in order to make the area diagram
for the complete configuration correspond closely to a parabolic distri-
bution of higher fineness ratio than the previous model. The drag curve
shows a drag reduction for this configuration of nearly 50 pércent, or
LO percent of the configuration at left with air flow. The nacelle con-
tribution in this case is not known, but it is clear that a similar
reduction in nacelle drag and interference has occurred.

‘l'lllllllllllll'ii.b
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Figure 7 shows that in both of these cases, the drag characteristics
of the complete configuration are closely simulated by drag characteris-
tics of the body of revolution having an equivalent longitudinal area
development. The measured drags for the equivalent bodies have been cor-
rected to the skin-friction level of the complete configuration in each
case. The configuration at the left is one of the configurations dis-
cussed by Richard T. Whitcomb in a previous paper wherein the item of
equivalent bodies was treated in some detail.

Supersonic Speeds

In the supersonic speed range, the bulk of the experimental data,
which have been obtained in addition to the data from the Langley
4- by 4-foot supersonic pressure tunnel shown in figures 3 and 4, is
that obtained in the Langley 9- by 12-inch supersonic blowdown tunnel
(refs. 11 to 13). TFigure 8 shows the configurations tested: a half-
model fuselage with a semispan unswept, a 45° swept, and a 60° delta

wing. The store is of the Douglas store shape and was tested with the
store center of gravity in the locations shown on the sketches. The store
and wing surfaces were tangent for those chordwise positions where the
maximm thicknesses coincided and were separated by a very short pylon for
other positions. The store size may be considered to correspond roughly
to a single-engine nacelle on a large bomber alrplane.

The data presented in figure 9 are plotted in the form of store-plus-
interference drag CDN against spanwise position for M = 1.41 and 1.96.

Data for M = 1.62 are also available and agree well with the other two
Mach numbers but are omitted here for simplicity. The data show that,

in general, for all three wing configurations, moving the store outward
decreases the store drag. A similar plot of chordwise positions (fig. 10)
shows that moving the store forward decreases the drag. Exceptions to
these generalizations are evident, however, in the solid symbols connected
by dashed lines for the swept and delta wings, for which positions the drag
is a great deal lower than would be expected or predicted by a straight
line drawn through the remaining symbols.

Attempts to correlate these and some unpublished data on the basls
of nacelle position with respect to the wing leading edge, fuselage nose
Mach line, wing local maximum thickness, to mention a few, all failed -
if any correlation was obtained it contained exceptions which could not
be explained. This difficulty of correlating or generalizing is, of
course, similar to that mentioned previously for nacelle and store studies
at transonic speeds.

An extension of the transonic area rule was utilized in an attempt
to correlate these data. The more complete supersonic theory, which
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involves sectioning the configuration by a series of planes tangent to
Mach cones, has been described in a previous paper by Robert T. Jones.

The method used here, as an exploratory approach, involves only one
set of the planes indicated by the theory; that is, parallel vertical
planes which intersect the configuration plan form along Mach lines. It
will be noted that the fuselage in this case employed a cylindrical after-
body. The fuselage nose, therefore, can affect the pressure drag of the
nacelle and wing, but the nacelle and wing cannot appreciably affect the
pressure drag of the fuselage afterbody. It therefore appeared that the
principal lines of influence or interference were Mach lines originating
at the fuselage center line and that sectioning or viewing the model along
these particular Mach lines might correlate the principal variations.
Figure 11 shows the results of the correlation. The drag data for all the
configurations shown in figure 8 have been plotted against x/l, which is
the area-peak displacement parameter defined in the sketch (top part of
fig. 11). (x is the distance between the peak of the area diagram of the
store and the peak of the area diagram of the wing-fuselage combination,
the area diagrams beilng obtained by sectioning the semispan configuration
along Mach lines in the lateral plane and plotting the cross-sectional
area given by each slice at the intercept on the fuselage center line.)

Clearly, the data show a strong trend similar to the one shown in
figure 5 for the transonic case. If located in a region where its area
peak adds to the wing-fuselage peak (viewed along the Mach line), the -
store produces higher drag than 1f located a short distance forward or
aft of the X =0 point. It will be noted that data from three differ-
ent wing configurations, a straight, a swept, and a delta wing, and data

at three supersonic Mach numbers, 1.41, 1.62, and 1.96, are all included
in this plot.

This correlation plot explains the low drag points which appeared to
contradict the spanwise and chordwise trends shown in figures 9 and 10.
The solid symbols to the right of x/l = O are for these configurations.
These drag values are in proper positions as located by the area diagram
parameter x/l, and the low drag is explained by area-peak displacement.

Iv will be noted that at neither end of the curve of figure 11 has
a minimum drag been reached. This means that minimum drag values will
be attained at more extreme forward or aft nacelle positions than those
tested. Practical difficulties may appear, however, in using such posi-
tions for airplane configurations.

There is considerable scatter of points from the trend line which has
been drawn through the data. Only a part of this scatter can he explained -
by the data-accuracy spread shown by the width of the trend line. Some
scatter in any correlation of this kind is to be expected, inasmuch as
it is not reasonable to expect a perfect explanation of a complicated
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flow condition in terms of this very simple parameter. There are a large
number of details which can greatly affect the drag. These details are
wing-fuselage and wing-nacelle junctures, the detail design of each com-
ponent, the effects of localized shock patterns, and so forth. Such
details would influence the pressure drags to some extent and would partic-
ularly influence the friction drag which is not included in the area rule.

It should be mentioned that attenuation of interference effects as
bodies are separated is also involved in the supersonic case. This fac-
tor causes the pressure interference between store and fuselage to dim-
inish as the store is moved tipward on the wing. This item is included
in the complete treatment mentioned previously which considers all the
planes. The interference problem in the case of the tipward store is
reduced to one of local interference of a more familiar nature between
wing and store.

CONCLUSIONS

The following conclus